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Human  immunodeficiency  virus  type 1 encodes  a  pro- 
tease  whose  activity is required  for  the  production  of 
infectious virus. An Escherichia coli expression and 
processing  assay  system  was  used  to  screen 286 protease 
mutants for temperature-sensitive activity. Fourteen 
protease mutants had a temperature-sensitive pheno- 
type, and approximately  half  resulted  from  conservative 
amino  acid  substitutions. Of the 14 substitutions  that 
conferred  a  temperature-sensitive  phenotype, 11 substi- 
tutions  occurred at 6 positions  that  represent 3 pairs of 
residues in the  protease  that  contact  each  other in the 
three-dimensional structure, These mutants assist in 
pinpointing  regions of the  protease  that  are  important 
for  enzyme  activity  and  stability. 
~ ~ - ~- "~ ~. "~ - ~ ~ 
The HIV-ll protease rapidly has become one of the most 
thoroughly  characterized  proteins  to date. The protease  now 
ranks with  such  proteins as bacteriophage T 4  lysozyme,  bacte- 
riophage h repressor and cro protein, and staphylococcal  nucle- 
ase as examples of models  for  protein  structure  and  function 
(reviewed  in Refs. 1 and 2). 
The structure of HIV-1 protease has been  determined in its 
native  form  and in complex  with  numerous  inhibitors  (for ex- 
amples see Refs. 3-8; reviewed i n  Ref. 9). The enzyme:inhibitor 
complexes yield a wealth of information regarding the side 
chains in the substrate and enzyme that are important for 
binding and catalysis. Mutagenesis studies have also  contrib- 
uted to the detailed picture of the HIV-1 protease (10-12). 
These studies, in addition  to  structural  studies of other  retro- 
viral  proteases (13-171, ~ m p l e m e n t   s t r u c t u r a l  studies of the 
HIV-1 protease  by  identifying  regions of the protease  structure 
that are important  for  enzyme  function, 
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Classical  studies of temperature-sensitive  (ts) mutant pro- 
teins highlight the structural and thermodynamic contribu- 
tions of the substituted  residue to the folded state o f  the protein 
(reviewed in Ref. 2).  Studies of ts mutants of bacteriophage T4 
lysozyme  have  localized ts substitutions  to  regions of the  pro- 
tein that are buried and  held  in a rigid  conformation in the 
folded protein (18). Therefore,  temperature-sensitive  mutants 
are helpful in pinpointing specific regions of the protein that 
contribute  to  enzyme  stability. 
In this  study  285  randomly  generated  mutants of the HIV-1 
protease were screened for temperature sensitivity. At posi- 
tions in the enzyme  where a substitution  was  found that con- 
ferred a ts phenotype, the random mutagenesis was followed by 
saturation  mutagenesis. These studies  help  define the role that 
particular residues play in protease structure, function, and 
thermostability. In addition, these studies  facilitate a detailed 
analysis of the HN-1  protease  structure and help  to define the 
general rules for  temperature  sensitivity in an enzyme. 
MATERIALS AND METHODS 
Bacterial Strains  and  Media 
Escherichia coli DH5uF'lacP (Life Technologies, Inc.) was used to 
propagate pART2-based plasmids for sequencing. E. coli JMlOl (19) 
was used to express pART2 plasmids for protease phenotype determi- 
nation. E. coli CJ236 was used to generate single-stranded uracil-con- 
taining templates for mutagenesis studies (20). Bacteriophage  M13K07 
was used to rescue single-stranded DNA templates for DNA sequencing 
studies (19). HIV-1 sequences were  from the infectious  molecular  clone 
m 2  (21). 
Generation of Protease Mutants  in E. coli 
Protease  Expression Vector-The expression  plasmid pART2 has been 
described 110, 11). This plasmid expresses HIV pol sequences under 
control of the E. coli lac promoter. 
Generation o ~ ~ u n d o m  ~ u t a ~ ~ o ~ - T h e  initial random mutagenesis 
of the HW-1 protease domain has been  described (10, 11,  22). In the 
present study mutants were screened for protease activity a t  37 and 
32 "C (see below), and those positions where substitutions conferring 
temperature sensitivity were  found  were  subjected to a second,  more 
extensive round of mutagenesis. 
Design of ~utagen ic   O l~gonuc~eo~~~es  for Sf f tu~a~ion  Mutagenesis of 
ts ~esi~ues-O~igonucleotides were  designed to mutagenize randomly 
each of eight codon positions in the HIV-1 protease corresponding to 
residues 8, 29, 38, 56, 79, 85, 95, and 98. Each oligonucleotide was 
tailored to a particular codon to avoid generating mutants that had 
previously  been  recovered at that position. For instance, if all of the 
mutations isolated initially by random mutagenesis at a proline codon 
(CCN) had a C in the middle  position, the mutagenic oligonucleotide 
was synthesized so that only A, G, and T were incorporated at  that 
position. This procedure tended to maximize the likelihood of recovering 
novel mutations at a particular position. Growth and preparation of 
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FIG. 1. Expression and tempera- 
ture-dependent processing activity 
of HIV-1 protease mutan t s  in E. coli. 
Top, composition of the HIV-1 Pol sub- 
strate expressed  in  the  bacterial  expres- 
sion vector pART2. lacPO, E. coli 0-galac- 
tosidase  promoter/operator  sequence; PR, 
protease; RTIRN, reverse transcriptase/ 
RNase H; IN, integrase. Bottom, Tem- 
perature-dependent  autoprocessing of the 
HIV-1 Pol precursor by mutant  proteases 
in E. coli. Each pair of lanes depicts a 
particular mutant; the mutant designa- 
tions  are  expressed  in  single-letter code, 
with the wild-type  residue, position num- 
ber, and encoded substitution indicated. 
All mutants were expressed a t  37 and 
32 "C (see  "Materials  and Methods"). Vi- 
rus (lane 1 ), lysate of pelleted HIV-1 viri- 
ons; JMlOl (lune 2). lysate of pelleted E. 
coli JM101. E. coli lysates  were  separated 
on a 10% SDS-polyacrylamide gel and 
transferred to nitrocellulose filters. The 
filters were probed with  a monoclonal an- 
tibody to HIV-1 reverse  transcriptase. 
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single-stranded  uracil  templates,  priming  and second strand DNA syn- 
thesis,  and  identification of the genotype by sequencing  were  performed 
as  described  (10, 11). 
Comparison of Pol Processing by H N - 1  Protease Mutants 
Expressed ut 37 and 32 "C in E. coli 
pART2 phagemids  encoding  different  protease mutants were  used  to 
infect E. coli JM101. A lo-" dilution  in T.E. (10 mM Tris, pH 8.0, 1 mM 
EDTA) of supernatant  containing  mutant  phagemid  (approximately  5 
1.11) was  added  to 200 pl of a  stationary  culture of E. coli JMlOl  and 
incubated a t  37 "C for 15  min.  A portion of this  mixture  (usually  50 1.11) 
was  plated on M9 medium  (23)  supplemented  with 0.2% glucose, 
0.001%  thiamine, 1.5% agar,  and  100 pg/ml ampicillin.  Single colonies 
were used to  inoculate 2 ml of M9 medium (complete M9 + 0.2% 
casamino  acids, 0.001% thiamine,  100 pg/ml ampicillin).  Cultures  were 
divided in  half  and grown 18 h at  either 32 or 37 "C. Expression of the 
HIV-1 pol-containing  insert  was  induced by adding isopropyl-p-a-thio- 
galactopyranoside  to 5 mM final  concentration. Following a 2-h induc- 
tion a t  32 or 37 "C, bacteria were harvested and the HIV-1 proteins 
detected by Western blot as described  (10, 11) using a monoclonal an- 
tibody to HIV-1 reverse transcriptase (DuPont NEN). The extent of 
HIV-1 protease-mediated  processing  was  judged  visually b  the  appear- 
ance of mature 64- and  51-kDa  reverse  transcriptase  products  and  the 
disappearance of the 120-kDa Pol substrate. 
Modeling of H N - 1  Protease 
Molecular modeling of the HIV-1 protease was performed on an 
Evans  and  Sutherland  PS390  graphics  workstation  using  the  program 
FRODO (24).  Published  coordinates for the HIV-1 protease complexed 
to the  protease  inhibitor U-85548e and resolved to 2.5 A (8) were  used. 
Coordinates are available from the Protein Data Bank, Brookhaven 
National  Laboratory, NY (PDB file 8HVP). 
RESULTS AND DISCUSSION 
Temperature-sensitive mutants are an important class of 
mutants whose study  facilitates a more  thorough understand- 
ing of protein  structure  and stability.  Because of its  essential 
role in  the HIV-1 life cycle, understanding  the  structure  and 
activity of the HIV-1 protease is of special interest (25-27). 
Mutagenesis studies have shown that  the enzyme has  three 
mutationally  sensitive  domains  that roughly  correspond to  re- 
gions of the  protease  that  are evolutionarily conserved (11,28). 
This  study  seeks  to  expand on our previous mutagenesis  stud- 
ies  to identify  regions of the HIV-1 protease  that  are  important 
for enzyme structure  and  thermal stability. 
Identification ofts Mutants-This study used a simple screen 
for protease activity to evaluate  the processing activity of a 
large  number of protease  mutants.  Mutations were introduced 
by random site-directed mutagenesis using the expression 
clone pAFtT2. This plasmid contains  the  BglII to Sal1 pol-con- 
taining DNA fragment from HIV-1 (strain  HxB2) fused to  the 
lac promoter in  the  bacterial expression  plasmid pIBI2O (Fig. 1, 
top; Ref. 11). The  addition of 5 mM isopropyl-P-D-thiogalactopy- 
ranoside  induces expression of a 120-kDa Pol polyprotein con- 
taining the protease. Phenotypes were assigned by assaying 
the  ability of the  protease  to autoprocess the 120-kDa Pol sub- 
strate  to  the  mature 64- and 51-kDa  forms of reverse  transcrip- 
tase,  as  determined by Western  blot analysis (Fig. 1, bottom). In 
this  study 285 protease  mutants were screened, each  contain- 
ing a single amino acid substitution. Each mutant was ex- 
pressed a t  32  and 37 "C, and  the  extent of processing  activity a t  
either temperature was evaluated by Western blot analysis. 
During  the  initial screen nine  mutants,  or approximately 3%  of 
the  mutants  tested, showed increased or  altered processing of 
the Pol substrate at 32 "C compared  with 37 "C (Figs. 1, bottom, 
and 2). An additional five mutants were  identified through  the 
subsequent  saturation  mutagenesis  (see b low) for a total of 14 
ts mutants identified. These  substitutions were a t  eight posi- 
tions  in  the HIV-1 protease:  positions 8, 29,  38,  56, 79, 85,  95, 
and  98  (Figs. 2 and 3). The phenotypes of these  mutants cov- 
ered a wide range; a number of the  mutants showed no proc- 
essing at the  restrictive  temperature  and  partial processing a t  
the permissive temperature. Other mutants showed partial 
processing at   the  restrictive  temperature  and  nearly complete 
processing at  the permissive temperature (Fig. 1, bottom). 
Saturation Mutagenesis a t  Positions Encoding  ts
Mutants-To examine the side chain requirements for tem- 
perature sensitivity, each codon in the protease where a ts- 
conferring mutation  had been found was  saturated  with  muta- 
tions. A mutagenic oligonucleotide was designed to randomize 
the codon corresponding to  that position. For  the single position 
mutant  libraries  generated,  mutation frequency averaged 80%. 
Phenotypes of new mutants  generated by saturation  mutagen- 
esis were determined a t  37 and  32 "C. Mutants were grouped 
according to their phenotype in the E. coli processing assay 
(Fig.  2). Temperature-sensitive phenotypes  were  generally as- 
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RG. 2. Side chain requirement for fumetion and temperature sensitivity at eight positions in the HW-1 protease. The  eight psitions 
where substitutions conferring temperature sensitivity were observed are listed across the top. Substitutions at  each position were grouped 
according to their ability to process  correctly the HN-1 Pol substrate a t  both 37 and 32 "C (as described under "Materials and Methods"). Mutants 
with a substitution that allowed  complete  processing at  both temperatures are listed as wild-type. Those that showed an intermediate level of 
processing at both temperatures are listed as intermediate. Those that did not process at either temperature are listed as negatiue. The 
substitutions in the ts group are those that showed increased processing activity at 32 "C when  compared with their phenotype at 37 "C. 
sociated with conservative amino acid substitutions, with ei- 
ther  the approximate size or chemical character of the wild- 
type residue  retained (Fig. 2). 
~~aruc te r~za t ion  of ~ m ~ r a ~ ~ ~ - s e ~ j ~ ~ ~ e  ~ ~ ~ a n ~ s -  
Substitutions c o n f e ~ n g  a ts phenotype were distributed 
throughout the length of the protease (Fig. 3). Most of these 
substitutions were found within regions that previously have 
been shown to be conserved at the level of structure  and  to be 
mutational~y sensitive (4, 11, 13,  28, 29). The ts mutants  are 
discussed below, grouped according to the location of the mu- 
tated amino acid in the HIV-1 protease structure. 
Dimer Znterface-Tkvo of the mutants were found in the 
dimer interface region a t  positions 95 and 98 in the protease. 
The structure of this region i s  highly conserved among the 
retroviral  proteases (4, 5,  13,  15-17, and 281. The  amino and 
carboxy'l termini of each monomer subunit  interact in this re- 
gion to form a four-stranded, antiparallel @-sheet structure 
(Fig. 4). Substitutions  in this region of the HIV-1 protease may 
weaken intersubunit interactions at the restrictive tempera- 
ture. Alternatively the substitutions might affect the hinge mo- 
tions, centered in  this region, that occur during  substrate bind- 
ing (6).  
The substitution a t  position  95, cysteine 95 changed to phe- 
nylalanine (C95F), occurs at  one of  two cysteines present  in the 
protein. Neither cysteine participates  in  a disulfide linkage (4). 
Most substitutions of this cysteine resulted in  an intermediate 
or negative phenotype a t  both 37 and 32 "C (Fig. 2). The excep- 
tion was phenylalanine, which showed increased processing 
activity at 32 "C compared with 37 "C (Fig. 1, bottom, lanes 21 
and 22; Fig. 2). Cysteine 95 interacts with the side chain atoms 
of leucine 5 and %sparagine 97 on the opposite subunit  and  is 
close (within 3.5 A) to  the backbone carbonyl oxygen of aspar- 
agine 98 on the opposite subunit (Fig. 4). Substitution with 
phenylalanine may satisfy some of the hydrophobic interac- 
tions required in  this interface. In other  retroviruses the side 
chain at  this position is  either a  small or aliphatic  side  chain 
(291, and  the substitutions that allowed at least some activity 
were of this  nature (Fig. 2). A leucine substitution gave nearly 
wild-type activity, stressing the hydrophobic environment of 
this side chain, while a proline or serine  substitution allowed 
only  low levels of activity. 
Mutants with substitutions at  asparagine 98 had  an  inter- 
esting phenotype. As seen in Figs. 1 and 2, substitutions with 
tyrosine, alanine, isoleucine, phenylalanine, and arginine  re- 
sulted in a ts phenotype. The phenotypes ranged from partial 
processing (N98R,  N98F, N98Y, and N98I) to nearly complete 
processing at 32 "C (N98A Fig. I, bottom, lanes 2$ and 26). The 
side chain of asparagine 98 interacts closely (2.3Af with aspar- 
agine 98 on the opposite subunit. Asparagine 98 also makes 
close contacts (with n 3-4 with residues threonine 96 on the 
same subunit and glutamine 2 on the opposite subunit. As 
discussed above, the backbone carbonyl oxygen atoms of aspar- 
agine 98 on either  subunit also interact with the cysteine 95 
side  chains (Fig. 4). 
Asparagine 98 also serves as  part of the  substrate. A protease 
cleavage site exists between the  last residue in  the protease 
(Phenylalanine 99) and  the first residue of reverse transcrip- 
tase. Thus, position 98 forms the second residue to the amino- 
terminal side of the cleaved peptide bond in the  substrate, i.e. 
the P2 substrate residue. The P2 amino acid in the different 
protease cleavage sites in the HIV-1 Pol substrate is either 
asparagine (gagipol transframe  regio~protease, proteasel 
reverse transcriptase),  threonine  (reverese  transcriptase/ 
RNase H) or valine (reverse transcnptas~~ntegrase~ (r viewed 
in Ref. 30-32). Alanine and isoleucine are also found in the P2 
position in  other protease cleavage sites in Gag. Thus, of the 
substitutions  tested at this position, alanine or isoleucine are 
least likely to affect substrate binding. In contrast,  other sub- 
stitutions at  this position (N98R, N98F,  N98Y) have never been 
seen at  the P2 position in any of the known retroviral protease 
cleavage sites. These substitutions might have more of an effect 
on substrate binding than on enzyme activity. Inhibition of 
cleavage at  the proteasekeverse  transcriptase junction should 
result in the generation of two fusion proteins, a 75- and a 
62-kDa form. Proteins of these approximate sizes are seen  in 
the N98R mutant (Fig. 1, bottom, lane 26), but only slight 
amounts of these forms are visible. Thus, it  seems likely that, 
with the possible  exception of the N98R mutant,  the substitu- 
tions recovered at position 98 affect enzyme activity independ- 
ently of substrate binding. Of the other  substitutions  tested, 
threonine and cysteine gave essentially wild-type-like activity 
in  this assay, each having a short polar side chain like aspar- 
agine but with hydrophobic characteristics.  Phenylalanine and 
tyrosine had intermediate activity at  37 "C, while isoleucine 
was negative at  this temperature.  The activity at  this tempera- 
ture with the two aromatic side chains and  the increased ac- 
tivity at the lower temperature with all three hydrophobic 
amino acids may indicate that hydrophobic interactions be- 
tween position 98 amino acids in each subunit with each other 
may substitute for the interaction between the wild-type as- 
paragines. 
~ y d r o p ~ u b i c  Core-The hydrophubic core of each subunit  in 
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FIG. 3. Location of substitutions in the HIV-1 protease dimer that confer temperature sensitivity. Stereo view of the HIV-1 protease 
dimer.  Locations of residues where certain substitutions conferred a ts phenotype are indicated on the right-hand subunit  in  three  letter amino  acid 
code  followed  by position number. The exception is arginine 8, which is depicted on the left-hand subunit (kg-108) to highlight the  intersubunit 
interactions between arginine 8 (kg-108) and  aspartic acid  29  (Asp-29). Coordinates of the HIV-1 protease structure  are from Jaskolski et al. (8). 
ordinates of the HIV-1 protease structure 
are from Jaskolsh et al. (8). 
aspartic  proteinases  is formed by a unique  structure known as 
the psi-loop (Fig.  3; Refs. 3-5). Loeb et al. (11) showed that  the 
vast majority of residues forming the psi-loop structure in 
HN-1 protease are  mutationally sensitive. We previously re- 
ported one substitution  that conferred  a ts phenotype,  proline 
79 changed to  threonine (P79T), that occurs within  the psi-loop 
at  the top of a P-turn  in  the core (Ref. 11; Fig. 1, bottom, lanes 
17 and 18, and Fig. 5). Proline is not well conserved at  this 
position among the  retroviral  proteases (29).  This is consistent 
with the  large  number of substitutions allowed in  this position 
(Fig. 2)  and  indicates  that proline at  position 79 is  not  particu- 
larly  important for function. In  contrast,  the second proline in 
the  turn (P8l) is much more highly conserved and is probably 
more important for forming the  @-turn  and  as  part of the  sub- 
strate binding site  (9,29). Proline 79 can be substituted with an 
acidic, basic, or polar residue  and  retain full  activity  (Fig. 21, 
suggesting  that  the side chain of the substituted residue is 
solvent-exposed, an  unusual  situation for a ts substitution.  The 
two hydrophobic residues  tested  had  either  intermediate or no 
activity (methionine  and leucine,  respectively). 
At one other position in  the hydrophobic core, isoleucine at 
position 85, substitution with leucine (I85L) results in a ts 
phenotype  (Fig. 1, bottom, lanes 19 and 20).  Position 85 is  at  the 
top of the conserved a-helix in  the hydrophobic core (Fig. 5; 
Refs. 4 and 5). This a-helical region is extremely sensitive to 
mutation (ll).' Isoleucine 85 passes  through a loop formed by 
residues 22-33, contacting the side chains of alanine 22 on one 
side and both threonine 31 and valine 33 on the  other (Fig. 5). 
L. Everitt and R. Swanstrom, unpublished observation. 
tants in the dimer interface region. 
FIG. 4. Temperature-sensitive mu- 
Stereo view  of the dimer interface region. 
The residues from both subunits from po- 
sitions l to 5 (amino terminus of protease) 
and 95 to 99  (carboxyl terminus of prote- 
ase) are shown. For one subunit, side 
chains of cysteine 95 and asparagine 98 
are labeled by number (Cys-95 and Asn- 
98, respectively). Threonine 96 (Thr-96), 
leucine 97  (Leu-971, glutamine 2 (Gln-2), 
and leucine 5 (Leu-5) are also indicated. 
For the other subunit,  the side chains of 
cysteine 95 and asparagine 98 are labeled 
by number (Cys-195 and Asn-198,  respec- 
tively). Threonine 96 (Thr-1961, leucine 
97 (Leu-197), glutamine 2 (Gln-1021, and 
leucine 5 (Leu-105) are also indicated. Co- 
In  addition,  interactions between isoleucine 85 and leucine 89 
connect the top and bottom of the a-helix. This position is 
conserved as a large hydrophobic side  chain in  other  retroviral 
proteases (29). Most substitutions at isoleucine 85  were  nega- 
tive for activity, with the leucine substitution  having  ts activity 
but  still only intermediate activity at the lower temperature of 
32 "C (Figs. 1, bottom, and 2). This conservative  leucine sub- 
stitution at position 85 is probably able  to satisfy hydrophobic 
contacts at the low temperature, confirming that  the hydropho- 
bic interactions  in  this region are crucial for enzyme  function. 
By using  this reasoning, the  intermediate activity of the valine 
substitution  can also be understood. The wild-type activity of 
the  asparagine  is more difficult to rationalize, although a new 
polar interaction with the  threonine  33 side  chain is a possibil- 
ity (Fig. 5) .  
Zntersubunit Salt Bridge-Studies of enzyme-inhibitor com- 
plexes reveal an important role for the interaction between 
arginine 8 of one subunit  and  aspartic acid 29 on the  other 
subunit (Fig. 6; Refs. 4-9). These  side chains  participate  in  an 
ionic interaction between the two subunits of the enzyme and 
in  substrate binding. 
A change of arginine at position 8 to lysine or glutamine 
(R8K, R8Q) gave similar ts phenotypes  (Fig. 1, bottom, lanes 7 
and 8).  None of the other substitutions tested gave activity 
(Fig. 2). A change of aspartic acid at  position 29 to glutamic acid 
(D29E)  also gave a ts phenotype  (Fig. 1, bottom, lanes 9 and IO), 
but  again none of the  other  substitutions  tested a t  this position 
permitted activity  (Fig.  2). The D29E substitution  extends  the 
length of the side chain at  this position, which resulted  in a 
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the hydrophobic core, which confer 
FIG. 5. Locations of substitutions in 
temperature sensitivity. Stereo view of 
a portion of the core  psi-loop structure of a 
single monomer is depicted with residues 
22-33 and residues 78-90. Side chains of 
proline 79 (Pro-79) and isoleucine 85 (Ile- 
85) are depicted as well as alanine 22, 
threonine 31, leucine 33, and leucine 89 
(Ma-22, Thr-31, Leu-33, and Leu-89, re- 
spectively). Coordinates of the HIV-1 pro- 
tease  structure are from Jaskolski et al. 
(8). 
the salt bridge that confer tempera- 
FIG. 6. Locations of substitutions in 
ture sensitivity. Stereo view of residues 
7-9 from  one subunit of the protease 
dimer and residues 2%30 and 86-88 from 
the other subunit. Side chains of arginine 
8 (Arg-108), aspartic acid 29 (Asp-29), and 
arginine 87 (kg-87)  are depicted. Coordi- 
nates of the HIV-1 protease structure are 
from Jaskolski et al. (8).  
temperature-dependent cleavage of the reverse transcriptase/ 
integrase boundary. At 32 "C, cleavage of the reverse 
transcriptase/integrase cleavage site was complete, resulting in 
the formation of an 86-kDa intermediate. At both 32 and 37 "C, 
however, cleavage at  proteaseheverse transcriptase and re- 
verse transcriptase/RNase H was not complete (Fig. 1, bottom, 
lanes 9 and 10). The double mutant R8W29E was unable to 
rescue the ts phenotype (not shown), indicating that a simple 
adjustment of chain  length at both positions is not sufficient to 
confer complete activity. 
Miller et al. ( 6 )  have shown that  aspartic acid 29 also inter- 
acts with arginine 87. Of 11 different substitutions  tested at 
position 87, including both conservative and nonconsewative 
substitutions, none showed processing activity at either 37 or 
32 * C 2  Louis et al. (33) also have shown that substitution of 
arginine 87 with lysine or glutamine completely abolishes pro- 
tease activity. In addition to its role in  intersubunit interac- 
tions, this  salt bridge is also involved in contact with certain 
substrates (reviewed in Ref. 34). The pattern of allowed sub- 
stitutions a t  these positions confirms an important role for this 
salt bridge in enzyme function. Residues capable of making 
ionic interactions are present a t  these positions in  all known 
retroviral proteases (291, and, based on modeling, this ionic 
interaction between the  subunits  is believed to be conserved a t  
the level of structure (34). 
The Flap-In retroviral proteases the flap structure  is highly 
conserved (29, 35). Saturation mutagenesis of the flap region 
has demonstrated that  the co5served residues in  the flap are 
sensitive to substitution.3  A 7A shift in flap position has been 
observed in comparing structures of native protease with a 
protease bound to a substrate analog (4, 6). Gustchina and 
Weber (35) have speculated that for substrate to enter the 
L. Everitt, M. Manchester, and R. Swanstrom, unpublished obser- 
vation. 
active-site cleft, the ends of the flaps must open still  further, 
moving as much as 13A. Given such  a  large  range of motion it 
is not surprising that temperature-dependent phenotypes re- 
sult from substitutions in  the flap. 
Two substitutions  in the flap, at  residues 38 and 56, resulted 
in  a ts phenotype. Leucine 38 is at  the base of the flap, in a 
region that interacts with a number of nonconserved residues. 
Substitution of this leucine with phenylalanine (L38F) or va- 
line (L38V) resulted  in a ts phenotype (Fig. 1, bottom, lanes 
11-14; Fig. 2). The local environment of the leucine is such that 
it occupies a predominantly hydrophobic pocket, interacting 
primarily with methionine at  position 36. The hydrophobic side 
chain of valine apparently can satisfy at least some of the 
hydrophobic contact requirements at  the permissive tempera- 
ture on the basis of its size. Substitution  with the even larger 
phenylalanine side  chain  resulted in a ts phenotype with more 
activity at  the permissive temperature  than  the valine substi- 
tution (Fig. 1, b o t ~ o ~ ,  lanes 12-14>. All other substitutions 
tested were negative for  activity. 
The second ts mutant with a  substitution within the flap is 
valine a t  position 56 changed to glycine (V56G). Valine 56 par- 
ticipates  in a hydrophobic interaction with the side  chains of 
the flap  residues isoleucine 47 and isoleucine 54 (Fig. 7) .  Valine 
56 is also near proline 79 ( M A )  in structures of enzyme, sub- 
strate complexes (Fig. 3). Replacement of the valine side chain 
with glycine may create  a cavity in  the hydrophobic network 
between residues 47,54, and 56 or may cause alterations  in the 
positions of these  residues and/or rearrangement of hydropho- 
bic contacts. Substitution of valine 56 with the hydrophobic 
side chains cysteine and threonine gave full activity (Fig. 2). 
Both of these amino acids have the same chain length as valine 
and  are somewhat hydrophobic, again suggesting that both the 
size and chemical nature of the residue at  this position are 
important for function. 
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and 78-79. Side chains of valine 56  (Val-56).  isoleucine  47 (Ile-47). isoleucine 54 (Ile-54), and proline 79 (Pro-79) are indicated. Coordinates of the 
FIG. 7. Locations of substitutions in  the  flap  region f the  protease  that confer temperature sensitivity. Stereo view of residues 47-56 
HIV-1 protease structure are from Jaskolski et al. (8). 
. ~ ., ~~ 
CONCLUSIONS 
In  this  study extensive mutagenesis of the HIV-1 protease 
has yielded a varied  group of mutants  with  temperature-sen- 
sitive phenotypes, each of which contributes  to  an  understand- 
ing of the activity of this  important enzyme. Alber et al. (18) 
showed that for bacteriophage  T4 lysozyme, substitutions  that 
confer a temperature-sensitive phenotype are generally local- 
ized to  residues  that  are buried in  the hydrophobic core and  are 
held in a rigid conformation. For the HIV-1 protease,  most of 
the ts substitutions were localized to hydrophobic regions. 
There were, however, several exceptions. Although it is within 
the hydrophobic core, P79T appears  to be solvent-exposed in 
the  crystal  structure  (8),  and  charged  residues  are  tolerated at 
this position (Figs. 2 and 5). Substitutions that conferred a 
temperature-sensitive phenotype were also found at the hydro- 
philic residues  arginine 8 and  aspartic acid 29  in  the  intersub- 
unit  salt bridge. Generally, the amino acid substitutions  result- 
ing  in  temperature  sensitivity  retain  the  approximate size or 
chemical character of the wild-type residue (Fig. 2). A number 
of the  ts  mutants  resulted from substitutions at residues  that 
interact  with or are nearby  each other:  98  and  95,8  and 29, and 
56  and 79. This observation suggests  that  these regions of the 
protein are particularly important for enzyme activity and 
thermal stability. Characterization of the R8Q protease  mutant 
has shown that  the enzyme has a reduced catalytic  eff~ciency.~ 
Two of the protease mutants (V56G and P79T) have been tested 
within  the context of protein processing during virion assembly 
and both show temperature-dependent processing of the  Gag 
polyprotein p rec~r so r .~  
Two other groups have reported  isolating ts mutants of the 
HIV-1 protease  using different types of genetic assays.  Baum et 
al. (12) reported two ts mutants, lysine 45 changed to glutamic 
acid (K45D) and proline 79 changed to leucine (P79L), that 
were recovered in a system  that used cytotoxicity of the prote- 
ase when  expressed in E. coli t o  select for mutants. Rockenbach 
et al. (36) employed a screening  method in E. coli to monitor 
cleavage of the Gag polyprotein precursor. In that study, a 
valine 11 to isoleucine (V11I) substitution conferred a ts phe- 
notype, as did the  addition of four amino acids to  the amino 
R. Wehbie and R. Swanstrom, unpublished observation. 
M. Manchester and R. Swanstrom, manuscript in preparation. 
terminus of protease. While P79L had a  negative  phenotype at 
32 "C in  our  study (Fig. 21, it  was recovered as a ts mutant 
during selection for cytotoxicity a t  30 "C in  the  study by Baum 
et al. (12). The differences in  temperatures used  may  account 
for this conflicting result; alternatively, these  results may re- 
flect differences in  the selection criteria between the two types 
of assays. Nevertheless, the discovery of two ts  mutants with 
substitutions at  the  same position (P79T from this  study  and 
P79L from Baum et al. (12))  using two different approaches 
confirms the importance of this  residue for enzyme activity. 
Neither K45D nor Vl l I  was  tested  in  our study. 
Structural studies comparing ts lysozyme mutants with 
wild-type enzyme have shown that amino acid substitutions 
resulting  in  temperature  sensitivity  cause only very minor al- 
terations  in protein structure (37-39). The  data  in Fig. 2, show- 
ing  that  ts phenotypes often result from conservative amino 
acid substitutions,  are consistent with those observations. It 
seems likely that  temperature  sensitivity  in  an enzyme occurs 
only over a small range of structural perturbation, beyond 
which the enzyme no longer  functions.  These types of muta- 
genesis studies of the HIV-1 protease, combined with structural 
and enzymatic data, will assist  in  understanding  the  nuances 
of protein structure  and  the  requirements for enzyme  activity 
and thermostability. 
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